ABSTRACT: A mathematical model of population dynamics is proposed which embodies the principal biological processes involved in the energetic budget of Euterpina acutifrons Dana (Copepoda: Harpacticoida): ingestion, excretion, egestion, and reproduction. The model proposes functional connections between growth and development through the larval instars. The major hypotheses are: (1) weight and cumulated specific growth rate control the molting process; (2) molting occurs at fixed weights which are independent of temperature; (3) temperature influences only the ingestion process according to a constant Qlo rule. Simulations fit satisfactorily with the development of E. acutifrons followed experimentally in different conditions of temperature and food concentration. Growth was sigmoidal, the major weight increase being between stage C5 and adult. The model reveals Q l o values for growth and development between 10 and 25°C which are constant and similar, and higher than the Q , , for ingestion. According to the hypotheses put forward, growth is potentially exponent~al over a wide range of food and temperature. Equiproportional development was found for E, acutjfrons. The model is used to test the effects of vanation of food and predators on the recruitment of a population of E acutifrons. Because of the number and nonlinearity of interactions between biological processes governing development, only a sophisticated model incorporating both physiological and developmental processes is able to predict the effect of simultaneous external forcing variables on the population success.
INTRODUCTION
Numerous biological factors, such as food and predation, and physical factors, such as temperature, salinity and light, influence survival, reproduction and metabolic rates of copepods in culture (Marshal1 1973 , Corkett & McLaren 1978 , Paffenhofer & Harris 1979 . Food and temperature are generally considered as the most important parameters of population dynamics and individual growth (Thompson 1982) . Temperature influences mortality, instar duration (Haq 1972 , McLaren 1978 , molting rate (Heip 1974) , and reproduction (Landry 1975) . Food also plays an important role in mortality (Paffenhofer 1970) , instar duration (Vidal 1980h) , and egg production (Zurlini et al. 1978) . Often, these relations have been established in the laboratory which provides constant conditions for measurements. Only a few relationships have been estimated in situ, such as egg production (Dagg 1977) . Based on this knowledge, models have been designed at different levels of complexity. The simplest show the influence of external parameters on a process involved in the C 2 Inter-Research/Pnnted In F. R Germany dynamics such a s developmental rate (Heip 1974) or egg production (Uye 1981) . More sophisticated models Include several processes and are based on a global representation of the population (Zurlini et al. 1978 , Zurlini & Ferrari 1979 ; they can discriminate instars (Wroblewski 1980 , Davis 1984 , or age classes (Sciandra 1986a) .
Relations between forcing parameters and physiological functions, especially those which are directly related to the energetic balance equation of growth (ingestion, excretion, egestion, reproduction), have been extensively studied. Temperature influences these processes according to a constant Qlo law in the range of natural variations (Nival et al. 1974 , Ikeda 1985 . Food concentration influences filtration (Frost 1972) , ingestion (Mullin & Brooks 1970b , Paffenhofer 1971 , egestion (Gaudy 1974) , excretion and respiration (Nival et al. 1974) , and consequently, the growth rate (Mullin & Brooks 1970b ). There are simple relationships which link processes with field parameters, such a s filtration with food (Lam & Frost 1976) or ingestion with food concentration (Lehman 1976 , Bartram 1980 . Others link one growth characteristic with external parameters, such as weight with food (Zurlini et al. 1978) , size with food (Paffenhofer 1970) , size with temperature (McLaren 1978) or weight, respiration and excretion with temperature (Nival et al. 1974 ). More elaborated growth models simultaneously consider ingestion, egestion, excretion and respiration (Steele 1974 , Huntley & Boyd 1984 , Wroblewslu 1984 , Wroblewski & Richman 1987 .
External variations affect organisms through several biological steps, so that relations between causes and effects are rarely simple. In models of larval dynamics, development rates and external parameters are generally linked by empirical relationships, which do not take into account the functional properties of the processes involved in the dynamics. As a consequence, the field of application of these general models is restricted, especially if the external conditions of temperature and food are highly variable.
Population dynamics and individual growth are 2 different approach levels for studying copepods in their natural environment. This explains the fact that dynamics (flwes of individuals) and growth (fluxes of matter and energy) are often modelled separately, although the latter controls the former. It is clear that a synthetic representation of population dynamics taking into account the biological characteristics of individuals would be very profitable, because of the exchange of information between the 2 different levels of knowledge.
Elaborated models of population dynamics, which embody the crucial relationships between the lower and upper trophic levels, are also useful tools for the understanding of ecosystem behavior. Representation of population dynamics in the model of Steele & Frost (1977) is not very specific since only flows of biomass were taken into account. Steele & Mullin (1977) discussed the necessity to use the number of individuals rather than the biomass to support a good description of the population dynamics. However, their model allowed only a single mean growth rate for the whole population, so that they were forced to assume a stable population structure. This paper presents the integration of both biomass and number criteria through a unique conceptual model. The aim of this model (which is applicable to several species of copepods) is to simulate copepod population dynamics (here Euterpina acutifrons) in different conditions of food and temperature, by taking into account the processes involved in individual growth. This functional synthesis allows us to discuss hypotheses about possible relations between the different growth processes (ingestion, egestion, excretion, oogenesis, etc.) and the processes which control the time course of abundance of individuals in each instar (mortality rate, molting rate, reproduction).
MODEL CONCEPTUALIZATION
We consider that the development of copepods may be divided into 2 levels. The first corresponds to the natural succession of development stages i: eggs (i = l), nauplii (i = 2 to 7), copepodites (i = 8 to 12) and adults (i = 13). The second level corresponds to age classes in each instar. The number of age classes is high enough to allow the maximal duration in each instar. This division makes is possible to represent copepods of different ages and weights in a given stage. Larval dynamics within such a structure, explained in detail by Nival et al. (1988) , is based on previous models (Davis 1984 , Sciandra 1986a , b, Carlotti 1987 .
The change in number of individuals in each age class during each unit of time is used to count age. External parameters (temperature, food) control the individual growth rate, and consequently the variation of weight. Weight and growth rate are state variables which control the molting process. We use 2 basic hypotheses to relate growth to development. The first is that individuals of an instar i may be transferred to instar i + 1 only if they have reached a sufficient weight, called the critical molting weight (Xi). In other words, each stage of development is characterized by a period of growth bracketed by critical weights of entering and leaving this stage. McLaren (1986) observed this penomenon in Calanus finmarchicus during the spring generation. Harris (1983) considered in his growth model a structural weight and a storage weight, and assumed that molts occur at fixed structural weights. We also make this assumption for Euterpina acutifrons which has little ability to store material. For naupliar and first copepodite stages, the results of Paffenhofer (1971 ), Burkill & Kendall (1982 and Hamburger & Boetius (1987) illustrate that the mean weight range of a given instar does not overlap that of the previous or the next instar. An overlap has been observed for the C5 and adult instars (Vidal 1980a , Berggreen et al. 1988 ) with a noticeable diminution of the weight at low food concentrations. At different temperatures, overlaps occur only for the older stages (C4 to adult) of Acartia tonsa (Miller et al. 1977) , Pseudocalanus sp. (Corkett & McLaren 1978) , Acartia clausi (Landry 1978 ) with a marked diminution of weights at the higher temperatures. Mullin & Brooks (1970a, b) stated that temperature has a Limited influence on the quantity of ingested food necessary to reach a given instar. For some other species (Calanus pacificus, Calanus helgolandicus, Eudiaptornus graciloides), the mean weight of an instar is not strongly dependent on temperature (Pfaffenhofer 1971 , Vidal 1980b , Hamburger & Boetius 1987 . We assume here that the critical molting weight is independent of the Table 1 and in the text. Note that the different dynamics terms are controlled by biological variables and processes involved in the energy budget, and not directly by the external forcing variables shown by circles on left temperature and food conditions. As will be seen in the results, this assumption does not imply that instar mean weights are independent of food concentration and temperature. Moreover, this does not affect significantly the development rate. The first hypothesis depends on the fact that molting is possible only if a sufficient amount of matter has been assimilated since the previous molt. The cumulated weight integrates the feeding history of the stage for several days.
The second hypotheses, proposed by Nival et al. (1988) depends on the assumption that molting is also controlled by the physiological state of larvae, which can be approximated by the specific growth rate (ratio of growth rate to weight). Changes in metabolic rate may limit molting even for larvae which have reached the critical molting weight. As the effects of external stimuli on growth are not instantaneous, it is necessary to take into account the feeding history of organisms during a preceding period of time so that variability of temperature and food can be damped. We consider here that the mean specific growth rate cumulated after some hours is the critical factor to be considered, instead of instantaneous specific growth rate.
The different biological processes controlling growth and population dynamics are presented in Fig. 1 . Processes taken into account are presented in Tables 1 and  2 . For each age class, 2 state variables represent the number (N,,) ) and the weight (W,,,) of individuals.
Weight is controlled by growth, which depends on food and temperature, and both growth and weight control molting rate. Differential equations apply to each age class j of an instar i ( Table 2) .
The growth rate is expressed in nitrogen mass units. The ingestion rate of an instar i is dependent firstly on the food concentration according to a sigmoidal function f l (Sciandra 1982 (Sciandra , 1986b , and secondly on temperature, following a constant Qlo law f2. We use the allometric relation expressed by Paffenhofer (1971) , f3, in which the maximal ingestion rate increases with weight during development.
Experimental studies have shown that some species of crustaceans with normal development stop eating just before and during the molting period (Lasker 1966 , Paffenhofer 1971 , Harpaz et al. 1987 . observed in Temora longicornis a depression in feeding activity before molting to C1 and before the last molt to adult. Presumably ingestion decreases as weight reaches the critical weight of molt, because growth is limited by the exoskeleton. We assume that the ingestion of an instar follows a negative parabolic function f4 when the weight surpasses the critical molting weight. Such a limitation does not occur for adults for which reproduction limits weight increase.
Egested matter is the part of ingested matter which is not assimilated. We assume as a first approximation that assimilation efficiency is independent of the amount of ingested food (Conover 1966) ; the quantity of egested matter is simply proportional (f5) to the ingestion rate.
Metabolic rate is represented by excretion rate. We suppose as Wroblewski (1984) that excretion can be separated into 2 terms (see also Steele & Mullin 1977, Vidal 1 9 8 0~) .
The first (f6) represents the routine metabolism and is proportional to weight. The second (f7) refers to the active metabolism and is proportional to ingestion rate.
For mature adults, ingested matter is used for maintenance and reproduction (Sekiguchi et al. 1980) . We assume that reproduction occurs when adults have accumulated a sufficient amount of matter. The relationship f8 between the egg-laying rate and the nitrogen individual weight is sigmoidal. For crustaceans, such a relationship has been shown between the egglaying rate and the size or weight of females (Corkett & McLaren 1969 , Smith & Lane 1985 . Egg weight is considered here to be constant. The egg-laying rate per female (f12) is then equal to the ratio of the nitrogen mass invested for reproduction to the weight of an egg.
Mortality rate is usually considered constant for the whole population. This approximation neglects the facts that stages may have different sensitivity during critical periods such as molt or starvation, and that individuals in a given stage may have different mortal- ' Limitation as molting weight
Fraction of ingestion not assimilated
Active metabolism If SGi,, < P12, Specific growth influence Influence of predator density Pr ity rates following their physiological state. So we conPredators are forcing variables i.n this study. Their sider here that mortality rate is a function (f9) of action is formulated by functions f14 and f15 which growth. It is constant and maximal below a threshold respectively take into account the instars and the value. Above, it decreases following a negative hypernumber of predators. bola whose asymptote represents the minimal rate.
To represent the effects of growth rate and weight on CALIBRATION molting rate following the assumptions cited above, we use respectively a h e a r (f l l ) and a sigmoidal relationTo implement our model, we use experimental results ship (f10). Function f10 is a Michaelis' law with expoon the dynamics and physiology of Euterpina acutinent (P16), which gives an inflexion point. The value of frons (Bernard 1963 , Haq 1965 Yassen 1979 , Zurlini & Ferran 1979 , Sciandra 1982 , when the optimal weight a n d growth are approached.
1968a, Moreira et al. 1985) . Most of the coefficients We assume that all the laid eggs are physiologically used in the model (Table 3) are calculated from these equivalent. The hatching rate (f13) is simply formuresults. Where data are lacking, coefficients are estilated a s the inverse of the embryonic duration, that is mated from knowledge about similar species, in order controlled by temperature only.
to optimize the fit of simulations to chronological series. 
Cumulated specific growth (CSG)
Differential equations
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Coefficients of growth and egg-laying processes
In the Ligurian Sea, Euterpina acutifrons lives at temperatures between 10 and 25 "C. All the relations used in this model are valid within this scale of variation.
The values of ingestion, egestion and excretion coefficients (P1 to P10) were found in the literature for copepodid and adult stages. Very little information is available for naupliar stages of Euterpina acutifrons. We assume that the coefficients for naupliar stages can be approximated by extrapolating from the relationships demonstrated for copepodids and adults.
The values (PI, P2 and P3) of Ivlev curve f l for adults fed with the diatom Phaeodactylum tricornutum at 20 "C were obtained from Sciandra (1982) for adults. According to the review by Kremer & Nixon (1978) on Acartia clausi, the maximal ingestion rate increases exponentially with temperature following a Qlo varying from 1.6 to 3.3. We use a n intermediate value of 2.6 to estimate the P5 coefficient. Coefficient P4 is calculated so that f2 is equal to 1 at 20 "C. Fernandez (1979) observed that the ingestion rate per individual increases during the development of Calanus pacificus. For NI to C3 instars, we have extrapolated the coefficient P1 considering a similar increase. Coefficients P2 to P5 are identical for all stages. The exponent P6 of the allometric relation between weight and ingestion generally lies between 0.6 and 0.8 for copepods (Suschenya 1970 , Paffenhofer 1971 . Because of the ab- Experimental data from Sciandra (1986a) ; (-) simulation. The simulation starts with Nauplii 1 having idenhcal weights (0.5 X 1 0 -~ gg-at. N ind.-') and ages sence of data for Euterpina acutifrons, we adopt a value of 0.75 for all the instars. An average value of 0.7 is generally considered as representative of the assimilation rate (P?) of copepods (Conover 1966 , Steele 1974 .
Supposing first that 30 % (PS) of the ingested matter is used for metabolism and is excreted, and second, that the ratio of maximum ingestion rate to weight averages 20 % (Sciandra 1982) , a daily excretion rate of 6 % of weight may be attributed to the active metabolism. To adjust total metabolic losses to an average value of 10 % of weight per day (Corkett & McLaren 1978 , Miller & Landry 1984 , we estimate that excretory wastes due to minimal metabolism (P8) represent 4 % of the body weight.
We assume a sex ratio of 0.5. Yassen (1979) estimated egg weight to 3 x pg-at. N. Considering an optimal egg-laying rate ranging from 10 to 13 eggs female-' d-' (Zurlini et al. 1978 , Sciandra 1986a , the maximal amount of matter that can be invested daily per female for reproduction (P10) approaches 39 X I o -~ pg-at. N.
Coefficients of developmental processes
The coefficients of the relationships between growth and development are unknown, because of the theoretical nature of the assumptions put forward. So they have been determined by fitting simulations to chronological series of data. We have used a set of data obtained by Sciandra (1986a) on the development of Euterpina acutifrons at variable temperature with constant food supply (16 pg-at. NI-'). Mortality rate coefficients (P12, P13, P14, and P15) have been estimated using the total population (Fig. 2) and the stage curves (Fig. 3) , i.e. 13 chronological series. Densities of N6 are lower than those of N5 and C l , so that a higher death rate has been attributed to stage N6. With a simple model, Sciandra (1986a) came to the same conclusion. He also pointed out that instars N5 and N6 are very difficult to distinguish, suggesting that some confusion may exist between these stages. It has also been shown that molting from instar N6 to C1 may be a critical period of development (Paffenhofer 1970 , Haq 1972 , D'Apolito & Stancyk 1979 .
Molting rate coefficients (X,, P16 and PI?) were estimated successively for each stage curve. The critical weight of molting (X,) for each instar i and the critical weight of laying (Xl3) influence the position of the beginning of the stage curves (see the sensitivity analysis in Nival et al. 1988 ). The exponent P16 and the coefficient of proportionality P17 respectively influence the initial slope and the end of the curve. The part of the total variance in abundance explained by the model in the 2 fits (Figs. 2 and 3) are respectively equal to 0.98 and 0.92.
SIMULATIONS AND APPLICATIONS
The system of differential equations is solved by fourth-order Runge-Kutta numerical integration with a time step of 1 h. Simulations presented in Figs. 2 and 3 reproduce satisfactorily the principal aspects of the DAYS Fig. 3 . Euterpina acutifrons. Stages (6 nauplii, 5 copepodites and adults) during development. (+) Experimental data from Sciandra (1986a) ; (-) simulations. See Fig. 2 for initial conditions and forcing variables Mar. Ecol. Prog. S 
Individual and population growth
The model allows us to present 3 sets of results (Fig. 4): (1) the mean weight of the whole population; (2) the weight of individuals at their maximal abundance in successive stages; (3) the mean weight of individuals in each instar. These results are obtained from the simulations presented in Fig. 3 . The curve of the population mean weight is sigmoidal suggesting more or less exponential growth in the nauplius and copepodid stages, followed by saturation as adults appear. Similar curves have previously been obtained in the laboratory for Pseudocalanus elongatus , Temora longicornls , Acartia clausi and A. tonsa (Miller et al. 1977) , Calanus pacificus and Pseudocalanus sp. (Vidal 1980a) , Calanus finmarchicus (Corner et al. 1967 . McLaren 1986 , Eudiaptomus graciloides (Hamburger & Boetius 1987). Fig. 4 shows that growth is maximal between copepodid V and adult stages. Some copepod species such as Temora longicornis , Razouls & Razouls 1976 ) have the same pattern of growth. Fig. 4 shows that the mean weight of an individual during its complete development cannot be correctly estimated by simply weighing copepods at their maximal abundance in successive stages. The overestimation due to this method in comparison with the true estimation (mean curve) increases as new stages appear. This is explained by the fact that stages overlap more and more as development completes, leading the population to be less homogeneous in its stage composition. By talung into account only individuals at maximum stages, individuals lighter in weight which remain in previous stages are neglected. Fig. 4 also shotvs that the mean growth, which seems to be continuous on the overall development, is in fact the sum of the discontinuous growths of successive stages. For each of them, weight cannot exceed a given value, so that copepods continue to grow only if they succeed in molting into the next instar.
Simulated weights are in good agreement with the weight of Euterpina acutifrons measured by Zurlini et al. (1978) , Yassen (1979) and Moreira et al. (1985) ( Table  4 ). The marked difference between C5 and female weights reproduced by the model can also be observed for other harpacticoids (Herman & Heip 1985) . Fig. 5 clearly demonstrates that the time variation of the total population biomass results from the combination of dynamics (Fig. 2) and growth processes (Fig. 4) . Until Day 5, population biomass increases because individual weight gain compensates mortality. Total biomass decreases during the time where N6 and C1 stages are preponderant in the population, because of their higher mortality rate. Between Days 10 and 13 the rapid weight increase is primarily due to adult growth. It is also clear that copepods which remain late in each stage may constitute an important proportion of total population weight, which explains the discrepancy cited above.
Influence of temperature
The model was used to simulate the effect of temperature on the development of Euterpina acutifrons between 10 and 25 "C. Fig. 6 shows that with nonlimiting food, naupliar and total development times expressed on a log scale (Fig. 6 ) decrease approximately linearly as temperature increases, suggesting a constant Qlo between 10 and 25 "C. The experimental results on the same species given by Bernard (1963 , his  Table 3) , Haq (1972, his (Table 5 ) . Qlo calculated between 10 and 20 "C for naupliar and total development is respectively 3.52 and 3.44, of the same order as Q l o measured by Haq (1972) (respectively 4.20 and Although our representation of the temperature effect is very simple, the model is able to reproduce the most important features of its action on the development rate. Generally, temperature is hypothesized to influence several processes involved in the metabolism such as filtration, ingestion, excretion, or more global processes such as growth or development. Our results show that the effect of temperature on ingestion only, which has an indirect effect on excretion and assimilation, is sufficient to simulate correctly the action of temperature on the development rate. This is not sur- prising since we have considered first that the active metabolism was only related to the ingestion activity, and second that excretion rate was a function of the ingestion rate. By linking temperature and ingestion process, any variation of this external factor has repercussions on metabolic rate through the processes of assimilation and excretion. Fig. 7 has been constructed using the same simulations as in Fig. 6 . Stage weights and the corresponding time reported in this figure are calculated at the maximal abundance in each stage. For different temperatures, growth approaches an exponential form. Miller et al. (1977, his The ability of the model to simulate the influence of different food concentrations was tested by comparing simulations with 2 sets of data obtained by Sciandra (1986a) . Development was only followed in the first 4 naupliar stages at constant temperature (22 'C) and for 2 concentrations of the diatom Phaeodactylum tricornutum: 2 and 13 pg-at. N 1-' (Fig. 8A, B) . Model coefficients remain unchanged.
Fits are good for the high food series. Timing of development stages and amplitude of maximal abundance are well reproduced by the model. For the low food series, adjustments are acceptable for stages NI and N2 for which simulated curves have the same asymmetry as in experimental results. For stages N3, the initial slope is well represented, but the terminal part of the curve is too low. Nevertheless, the model is able to simulate 2 important properties at low food level: first the lower speed of development (stage peaks occur later in Fig. 8B than in Fig. 8A) ; second the greater proportion of individuals which stay a longer time in the stages.
Low food conditions seem to have another effect which was discussed by Sciandra (1986a) , and cannot be accomodated in a deterministic model. Variability in Fig. 8B is much greater than in Fig. 8A . The part of the total variance explained by the model is respectively 0.94 and 0.84 for the high and low food conditions. Our model, which only explains the deterministic properties of individuals, is unable to account for the effect of variability on the population development. This can be seen from the increasing discrepancy between simulations and experiments for the N3 and N4 stages. Limitations of deterministic representations have to be kept in mind to clearly identify what part of the population properties may be attributable to indvidual properties. Fig. 9 gives a synthetic representation of the influence of food concentration on the duration of the naupliar and total development, simulated at a constant temperature of 22 "C. For concentrations higher than about 4 pg-at. N I-', there is no marked influence because of the saturation of the ingestion process formulated by the Ivlev relationship. Between 1 and 3 pgat. N 1-l, development is strongly affected by the variation of food level. For concentrations lower than 0.5 pgat. N 1-', copepods die before reaching their total development. Similar results have been obtained Sciandra (1986a) ; (-) simulations. Simulations start with 90 Nauphi 1, 10 weighing 0.4 pg-at. N, 20 weighing 0.5 kg-at. N, and 60 weighing 0.6 pg-at. N. to take into account that the laying period lasts for 16 h (see Sciandra 1986a) experimentally on Calanus helgolandicus (Paffenhofer 1970 (Paffenhofer , 1971 , Calanus pacificus (Vidal 1980b) , and a cladoceran species, Eudiaptornus graciloides (Weglenska 1971). Fig. 10 is based on the same simulations and shows that growth is fairly exponential for high as well as for low food levels. Growth rates are reduced especially for concentrations lower than 3 pg-at. N 1-l. Experiments by Berggreen et al. (1988, their Figs. 4 and 5) show that The model allows us to calculate simultaneously the time courses of metabolic ( Fig. 11A) and molting rates from N2 to N3 stage (Fig. 11B) . Molting rate curves have the classical shape reported by Sulkin & Van Heukelem (1986) . The asymmetry due to the terminal part of the curves was experimentally obsenred by . The period during which molting occurs is longer for low food level, but the maximal rate of molting is higher for high food level. The explanation is given by the specific growth rate curves. For the high food level, specific growth rate is optimal so that weight of Nauplii 2 increases rapidly, leading the molting rate to become maximal in a short time, according to the relationships f10 and f l l . As weight reaches the maximum value possible in stage N2, specific growth rate tends to zero because ingestion activity diminishes according to the relationship f4. Consequently, molting rate decreases following the relationship f l l . Individuals which have not molted although having reached their critical weight are represented by the tail of the simulated distribution. At this time, the peak on Fig.  11B corresponds to the slope discontinuity on Fig. 11A . For low food level, the specific growth rate is lower, leading to slower development of weight and molting rate. Clearly, the shape given to the relationships between the molting rate and both the weight and growth rate strongly influences the shape of the specific growth and transfer curves.
The model is also able to calculate the weight distributions of stages. Such distributions for successive instars clearly show that the use of critical molting weights in the model does not imply that all the individuals rnolt at these weights (Fig. 12) 
Basic hypotheses of coupling between growth and dynamics
The model allows us to test hypotheses on the connections between growth rate and development. The connections were formulated theoretically, because of the lack of knowledge on the relations between molting and growth. Good fits between experimental and simulated data are encouraging. It has to be noted that peak (C4 in Fig. 12) , the weight distribution is shlfted towards higher values when the food concentration increases. This is the reason why the mean weights increase when growth rate increases (cf. Figs. 7 and 10 ).
Applications
The model can be used to test the effect of variation of forcing variables such as food and predators, which are complex in time and space and may act simultaneously on populations. If only the overall population is considered, their effects on the dynamics are unpredictable since they can occur at different periods of the development, characterized by different stage compositions (Nival et al. 1988 ). Fig. 13 shows the effects of different patterns of food deprivation and predator occurrence, simulated by the model. In the reference situation (Al), the decrease of total population is only due to natural mortality whlch is more important during the N6 to C1 transition period. If a starvation period occurs, development time and recruitment (% of initial individuals becoming adults) are changed. Recruitment is more affected when starvation occurs during the naupliar (A2) than during copepodid development (A3), because of the higher mortality rates of stages N6 and C l . Absence of food increases the duration of affected stages. According to the selectivity of predators and the hme of their occurrence, recruitment may be more or less changed. If predator D A Y S Fig. 13 . Euterpina acutifrons. Combined effects of predation and food deprivation on the development and recruitment (taken here as the % of initial population becoming mature at Day 16, and represented by the number on each graph). Stages and total population time courses (upper graphs) are simulated. A1 is the reference simulation without predator or food deprivation In A 2 and A3, 2 d of total food starvation (symbolized by black bars) begin respectively at Days 2 and 6. In simulations B1. B2 and B3, food conditions are the same as in A l , A2 and A3, but stages N2, N3 and N4 are assumed to be eaten by predators the same model with a unique set of parameters is able to reproduce several sets of data for different food and temperature conditions, suggesting that connections between the different processes are acceptable. Nevertheless, fits do not prove totally the validity of the representation. Other experiments on dynamics, as well as on biological processes, are necessary to retain or to reject some of the present hypotheses. Especially, it will be necessary to verify experimentally for Euterpina acutifrons that molting occurs more or less at fixed weights, at least in a certain range of variation, since this assumption is of prime importance in the model.
It has been demonstrated for small species that temperature is negatively correlated with weight, especially for the last instar (McLaren 1963 , Landry 1975 , Miller et al. 1977 , Corkett & McLaren 1978 , Durbin & Durbin 1978 , Vidal 1980a , Durbin et al. 1983 . Heinle (1969) and Corkett & McLaren (1978) showed that body size is not affected below a given temperature, but decreases as temperature exceeds this given value. McLaren (1963) showed that the final size of adults depends on the mean temperature during the whole lifetime (cf. his Fig. 3) . By considering firstly that the critical weight of molting is constant, and secondly that temperature influences only ingestion and excretion rate, the model cannot reproduce the relation between temperature and weight. This means that long-term effects of temperature should be represented by a process taking into account a different and supplementary physiological process. Miller et al. (1977) suggested the influence of an hormonal control leading to uncoupled growth and development. Although hormonal metabolism of crustaceans seems complex (Skinner 1985a, b) , molting occurs when a certain hormone exceeds a threshold (Anger 1987 , Anger & Spindler 1987 . We modified our model by adding an empirical relationship in which the critical molting weights of the oldest instars decrease when temperature exceed a given value. Simulations obtained at different temperatures (as for Fig. 7 ) reproduce this effect (Fig. 14) , but the important fact is that the development is not affected. Development times in the different instars remain nearly unchanged. The part of the total variance in abundance explained by the modified model is equal to 0.96 and 0.91 respectively for the experimental data of Figs. 2 and 3, whereas it was 0.98 and 0.92 for the initial model.
DISCUSSION
There is a hierarchy between processes in that both food and temperature act on ingestion which, in turn, influences the rate of excretion, so that excretion rate is not directly influenced either by temperature or by food (Fig. 1) . This assumption results logically from the fact that excretion is a physiological process induced by other metabolic activities. Since the routine metabolism has been supposed to be independent of the temperature, the Qlo law used for the ingestion process applies directly to the whole metabolic rate. This assumption holds for animals whose different enzymatic activities are similarly influenced by variations of temperature.
The Qlo for growth is equal to 3.47 and is in the same range as those calculated for naupliar (3.44) and total developments (3.52). The model allows us to state that fixed molting weights and uniform Qlo for growth are 2 conditions leading to a constant Qlo for development (Fig. 6) .
Following our representation, growth is exponential, even at very low food concentration (Fig. 10) . This is because firstly, fixed rnolting weights have been considered, and secondly, the coefficients of processes which control the metabolic rate are similar for each stage. It is clear from the model, which assumes that both growth and weight control the molting process, that food as well as temperature Limit development. However, the effect of food is limited to low concentrations (Figs. 9 and 10) because of the Ivlev relationship used for the ingestion. The saturation observed in growth rate in Fig. 10 and the form of curves in Fig. 9 would correspond to the assumption of McLaren (1986) according to which the structural growth rate becomes asymptotic at food levels that permit maximal development rates (here greater than 5 yg-at. N 1-').
Numerous studies have shown that nutritive preferences of copepods are various, with regard to both the diversity of available particles, and the selectivity of stages. We have assumed here that every stage can efficiently collect food particles. The real problem is to know if the particle spectrum measurable in the seawater is wide enough to provide each stage with its optimal food condition, so that individuals can grow exponentially. Since temperature acts on different stages following the same law, its influence is easier to study theoretically and experimentally. Tande (1988) found a relation between temperature variation and mortality rate in Calanus finmarchicus. It would be interesting to determine how the metabolic rate varies in such conditions. Since the model is applicable for other crustaceans, more appropriate species than Euterpina acutifrons could be chosen, on which biological processes and dynamics are easier to measure.
The equiproportionality rule is applicable for species whose stage durations change in the same proportion as temperature varies (Corkett & McLaren 1970 , McLaren & Corkett 1981 , Corkett 1984 , Corkett et al. 1986 ). Isochronality (Miller et al. 1977 , Klein Breteler 1980 ) is a particular case of equiproportionality applicable to species whose stages have identical durations (Uye 1980 , Landry 1983 , and is not always observed (Landry 1983) . Generally, equiproportionality is observed in well-fed animals. Our model demonstrates that this is also theoretically possible when food limits growth, and that equiproportionality is not restricted to saturating conditions of food. It confirms also the assumption of McLaren (1986) according to which equiproportionality and exponential structural growth are associated, if fixed structural molting weights are considered (Harris 1983) .
Because physiological connections are numerous and non-linear, it is difficult to clearly discern the consequences induced by an hypothesis in relation to a given process. Deterministic models have 2 features: first, because individual variability is not taken into account, their results are not subject to variation; second, because of their associative structure, modifications performed on one of its components clearly influence the rest of the system. This study suggests that the Qlo of ingestion, growth and development have to be determined simultaneously in experiments in order to compare them to the simulated values, respectively 2.6, 3.47 and 3.48. The difference between ingestion and growth Qlo values is surprising and interesting. It may be explained by the respresentation chosen for the influence of temperature on the processes involved in the nitrogen growth rate, and by the respective parts attributed to routine and active metabolism. In like manner, the similarity between Qlo of growth and of development has to be verified experimentally for Euterpina acutifrons. Heinle (1969) observed that for Acartia tonsa the Qlo of development and the Qlo of growth are equal below 15 'C. Above, the growth Qlo becomes lower than the development Qlo
In the natural environment, variability of temperature and food induces complex responses in copepods which have to adapt in order to optlmize their growth, reproduction and development. Their reaction in a fluctuating environment can be really understood only if the critical mechanisms stimulated by the perturbations are identified. Since several external factors vary simultaneously, and since biological processes are coupled by complex and non-linear interactions, it is not possible to predict easily the dynamics of a population without a conceptual structure which embodies the biological properties of copepods. Our model is a first step in this direction.
Empirical relationships traditionally used to represent the influences of food or temperature on development rate do not take into account intrinsic properties of animals, so their applications are limited. More especially, latency times are not reproduced by such models. It is clear that delays observed in physiological responses are of prime importance in population dynamics, since they may damp effects of external variations. We have represented very simply this faculty of living organisms, by considering that the cumulated specific growth rate averaged over a certain time interval was an appropriate criterion to represent the influence of growth rate on the molting process. It is clear that this representation is itself empirical. It could be refined by including in the model a supplementary variable representing internal storage. In any case, an interesting application of the model will be to see how population dynamics changes when the value of the cumulated time is modified. The more this value is increased, the more will high frequencies of variation be damped. This would permit evaluation of the robustness of the population development within several regimes of external fluctuations of food and temperature.
